I. INTRODUCTION
Microfluidic technologies are based on the use of liquid flows in small volumes, with the benefit of reducing reagent volume, mitigating sample contamination, and providing a high throughput system for the integration of multiple functions in micrototal analysis systems (lTAS). Water-inoil microdroplets allow the generation of microreactors (pl to fl volume), which permits the compartmentalization of reactions for multiple chemical and biochemical applications such as protein crystallization, 1 organic molecule 2 or nanoparticle synthesis, 3 genome sequencing, 4 and single cell and single molecule analysis. [5] [6] [7] With respect to molecular biology operations, previous work showed the efficiency of reagents compartmentalization for polymerase chain reaction (PCR), 8, 9 single cell analysis, [10] [11] [12] or transcriptome analysis. 13 Generation of monodisperse microdroplets 12 is one way to carry out high throughput analysis 14 and execute independent reactions in parallel. 9 Recently developed agarose microdroplets have been used to compartmentalize PCR 15, 16 and reverse transcription polymerase chain reaction (RT-PCR) from cellular mRNA. 13 These reports take advantage of the thermo-responsive sol-gel switching property of agarose to trap amplicons in the agarose gel matrix, allowing the preservation of monoclonality of products within stable agarose microbeads. Actually, long-term stability of microdroplets is an important a) Author to whom correspondence should be addressed. Electronic mail: tfujii@iis.u-tokyo.ac.jp. However, usual protocols described in the literature highlight two critical points associated with the generation and use of agarose microbeads. The first one is to avoid unexpected gelation upstream of the droplet formation process. This is typically addressed with a heating system adapted to the reagent syringe. 17, 18 The second one is the delicate operation of microdroplets; imperfectly stabilized droplets can recoalesce 19 during storage, incubation, and collection, before they are cooled into microbeads 17 and sent to downstream applications. 13, 16 Here, we have developed an integrated device for completely on-chip operations using agarose microbeads. The specific features of our device are (i) the "push-pull" microdroplet generation system that drastically downscales reagent consumption and (ii) the integration of the heating/cooling system necessary to turn agarose microdroplets into microbeads immediately after their formation. We demonstrate the suitability of our device by performing and monitoring on-chip a DNA isothermal amplification reaction within the device.
The basic structure is a flow-focusing microchannel network for microdroplet generation. We propose a new way to handle the fluids to generate microdroplets: the "push-pull" operation. The oil mix, on the one hand, is pushed into the device. Suction (i.e., a negative flow rate) is applied at the outlet with a higher rate than the oil inlet flow rate: this induces aspiration of the agarose sample and its segmentation into monodisperse microdroplets. Because there is no tubing associated with the sample inlet, the dead volume is drastically reduced and the consumption of sample can be decreased to only a few microliters.
A pair of copper wires are embedded in the microfluidic chip and connected to a heat sink. After enough agarose-in-oil microdroplets have been formed, this cooling system is used to gelify them into agarose microbeads.
In order to validate our setup for biochemical applications, we prepared a DNA amplification mixture containing 1.5% agarose and successfully observed temperature triggered DNA isothermal amplification within such microbeads.
This sequence of operations is performed entirely in a single chip and described in more details below.
II. MATERIALS AND METHODS

A. Design and fabrication of the microfluidic device
The microchannel network is designed with AUTOCAD software and then reproduced to a chromium mask.
The device mold is made using a standard soft photolithography technique. 20, 21 Briefly, 70 lm SU-8 2050 negative photoresist (Microchem, Japan) is spin-coated on a silicon wafer. The mask is fixed on the top of the photoresist coat, which is then photocured by UV exposure. After development, the mold is coated with a Teflon plasma. Then, some polydimethylsiloxane (PDMS) is poured on the mold and baked at 75 C during 1.5 h. The polymerized PDMS sheet is peeled off and cut in rectangular chips. O 2 plasma treatment is performed with a RIE machine to allow PDMS/glass bonding. The PDMS chip with the microchannel network is bonded to a 24 mm Â 36 mm Â 150 lm glass slide. Silicone connecting tubes are introduced in the inlet and outlet of the PDMS chip, and sealed with PDMS.
B. Agarose microdroplet generation at room temperature (25 8C) After 10 min degassing in a vacuum chamber, the device is filled with water. A 1 ml syringe (Terumo, Japan) containing the oil mix is connected to the oil inlet, and the continuous phase is pushed into the device. Another 1 ml syringe containing water is connected to the outlet, and suction is applied to induce the aspiration of the emulsion.
The oil mix (Mineral oil, Sigma, Japan) prepared with surfactants to prevent microdroplet coalescence is made with 2% silicone based polymeric surfactant ABIL-EM 90 (Goldschmidt, Essen, Germany) and 0.05% Triton 100 X (Sigma, Japan).
The DNA amplification reagents are suspended in a 1.5% agarose solution (ultra-low gelling agarose type XI-A, Sigma, Japan). A small volume of this mix is dispensed in the inlet well with a micropipette (Gilson, France).
The flow-focusing microfluidic device consists of a cross junction with two 25 lm thick oil channels perpendicular to the agarose channel ( Figure 1 ). In the orthogonal nozzle, the oil phase, focusing on the aspirated agarose stream, segments the disperse phase in regular 55 lm microdroplets.
The generation of these microdroplets is observed with an inverted microscope (Olympus IX 71, Japan) and their diameters are analyzed off-line with the software IMAGEJ, in order to assess the dispersity of the emulsion (the measurement error is 6 0.5 lm).
C. On-chip agarose microdroplet cooling into agarose microbeads PDMS is perforated with a needle 550 lm in diameter, about 500 lm away from the incubation chamber walls, on the device (Figure 3 ). Two copper wires 550 lm in diameter are introduced in place of the needle in the PDMS. 3 cm, 4 cm, 5 cm, 6 cm, 8 cm, and 10 cm long copper wires have been tested. Once the observation chamber is filled with agarose microdroplets, the syringe pumps are stopped, and the wires are cooled at 0 C in ice. After agarose gelation has occurred, the microbeads are heated back to 43 C with a thermoplate (Tokai, Japan) for DNA isothermal amplification. Because this temperature is below the melting temperature of 1.5% agarose (60 C), the beads remain in the gel state during this process.
D. Temperature measurement in the device
Temperature is measured with a K-type thermocouple (NI USB-TC01 model, National instruments, Japan) inserted in the middle of the incubation chamber ( Figure 3 ). Temperature is measured every minute during 10 min in the device containing either no cooling wires or a pair of copper wires with a length ranging from 4 to 10 cm. Temperature curves are plotted with Kaleida graph (SYNERGY software).
The variations of the temperature in the incubation chamber have been simulated with COMSOL MULTIPHYSICS software and are shown in supplemental material. 28 
E. DNA amplification reaction
Reactions are done in a buffer containing 10 mM KCl, 10 mM (NH 4 ) 2 SO 4 , 50 mM NaCl, 2 mM MgSO 4 , 45 mM Tris-HCl, 5 mM MgCl 2 , 6 mM DTT, 100 lg/ml bovine serum albumin 
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Desbois et al. Biomicrofluidics 6, 044101 (2012) (New England Biolabs), and dNTPs (100 lM each). Bst DNA polymerase, large fragment, and NtBstNBI nicking endonuclease are purchased from New England Biolabs and used at 11.2 U/ml and 200 U/ml, respectively. DNA oligonucleotides were purchased from Integrated DNA Technologies (IDT, Coralville, IA, USA), with high performance liquid chromatography purification. For the amplification reaction, 300 nM of a template strand (5 0 -AACAGACTCGAAACAGACTCGA-3 0 ) with a 3 0 -terminal TAMRA NHS ester modification is put in the presence of 300 nM of an inhibitor strand (5 0 -GTCTGTTTCGAGTAA-3 0 ) and 0.01 nM of an input strand (5 0 -TCGAGTCTGTT-3 0 ). Control reactions have been performed in 0.5% to 2% of agarose (Ultra-low gelling agarose type XI-A, Sigma, Japan) and are shown in supplemental material. 28 10 ll of the reaction mixture were introduced in the device for amplification at 43 C in agarose microbeads. Another 10 ll were run in a CFX96 real-time thermocycler (Bio-Rad), set at the same constant temperature, for control. Images are recorded with an Andor XION camera, using lMANAGER software. 22 The fluorescence of 10 drops is measured with IMAGEJ software, every 2 min, during 120 min. The measured fluorescence of the on-chip and control (bulk) reactions is normalized at 0 for the lowest and 1 for the highest fluorescence intensity. For the on-chip amplification, the mean fluorescence of 10 drops 6 standard deviation is plotted.
III. RESULTS AND DISCUSSION
Previous reports described the application of the sol-to-gel switching properties of agarose to make agarose microbeads, with applications to RT-PCR from cellular mRNA 13 or cell encapsulation. These reports used a pushing system, and the gelation of the agarose was performed off-chip. To mitigate issues associated with droplet coalescence during their manipulation, we investigated the integrated generation of agarose microdroplets at room temperature, and gelation on-chip into microbeads. Our method has the additional advantage of a very low volume consumption of reagents.
A. Agarose microdroplet generation at room temperature with an ultra low volume of sample
In order to check the feasibility of droplet generation at room temperature (25 C), we designed a network of flow-focusing microchannels.
The oil mix, containing silicone-based ABIL-EM90 surfactants to avoid unexpected droplet coalescence, is pushed with a syringe pump with a Qo ¼ 4 ll/min flow rate. At the same time, 10 lL of 1.5% agarose solution are deposited onto the reagent inlet. To induce agarose flow focusing in the nozzle and stream segmentation (i.e., the generation of an emulsion), suction is applied at the outlet with a Qe ¼ 5 ll/min flow rate. The applied pulling flow at the outlet induced the aspiration of the agarose solution, stream focusing in the nozzle (Figure 1(b) ) and segmentation by the perpendicular oil stream: thus, the microemulsion is generated.
As shown in Figure 1 (c), highly monodisperse microdroplets 55 lm in diameter are produced. Considering (Qa), the agarose flow rate (Qa ¼ Qe À Qo), and the microdroplet size (55 lm in diameter), we estimated the microdroplet flow generation at 250 Hz.
By tuning the inlet and the outlet flow rates, we could easily control the droplet diameter and the type of droplet regime formation. 23 For example, we could generate microdroplets 20 lm in diameter in the jetting regime at 3900 Hz (Figure 2(a) ). Microdroplets present an uniform diameter of 20 lm 6 3 lm (Figure 2(d) ). We could also generate, in the dripping regime, monodisperse microemulsions with diameters of 35 or 50 lm (Figures 2(b) and 2(c) ).
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B. On-chip agarose microbead gelation
We investigated a way to cool agarose microdroplets into agarose microbeads on-chip, for easy off-chip collection and direct use for downstream applications. The 1.5% ultralow gelling type IX-A agarose melts at 60 C, and its sol-to-gel switch transition occurs at 17 C. The purpose is to decrease the temperature to this critical gelling temperature in the incubation chamber of the device.
Using the high thermal conductivity of copper, we designed a system to cool the chamber. For this, we introduced two copper wires on both sides of the incubation chamber.
At first, we characterized the temperature in the incubation chamber. We introduced a Ktype gauge thermocouple in the incubation chamber as shown in Figure 3 . In order to avoid any leakage after introduction, the thermocouple was sealed with PDMS and baked at 75 C during 1.5 h.
Microdroplets are generated, as mentioned above, at room temperature. When the incubation chamber is filled with microdroplets, inlet and outlet flows are stopped, and we proceed to the cooling stage.
For this, the two copper wires are introduced in two 1 ml tubes containing ice (0 C). To characterize the thermal behavior of the reactor, cooling was carried out with copper wires of different length, as shown in the Figure 3 . The temperature trends are plotted in Figure 4 (a): they reach the steady state in 10 min, irrespective of wire length.
The chamber can be modeled by a thermal capacity, with 2 heat sinks, one associated with room temperature (thermal resistivity: R RT ) and the second one with the cooling system. The electro-thermal equivalent is plotted in the insert of Figure 4(b) . The heat transfer with the cold point (ice) is determined by the wire thermal conductivity, serially connected to the wire/chamber resistivity. The evolution of the thermal resistivity of the cooling system with the wire length is plotted in Figure 4 
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À1
) and S the wire cross-section (2.5 Â 10 À4 cm 2 ). To complete the model identification, the thermal capacitance of the chamber is deduced from the cooling dynamics with a short wire (4 cm), as shown in Figure 4 (c).
Simulations made with COMSOL (see supplemental material) 28 show that the temperature in the chamber is homogeneous with a 1.3 C variation from the wall chamber to the center (supplemental material, Fig. S1 ). 28 With this set-up, an 16 mm wide chamber can be cooled below 17 C (supplemental material, Fig. S2 ). 28 This analysis confirmed that we could reach the gelation temperature of agarose within the chamber. We experimentally validated the correct gelation of microdroplets into microbeads by considering the transparency of the microdroplets before and after cooling. As shown on the Figure 5 (a), after generation, agarose microdroplets were transparent: this limpidity is correlated to the liquid state of the solution. 24 After 15 min of cooling at 14 C, the aspect of the microdroplets changed unambiguously and they became opaque as shown in Figure 5(b) . As previously reported, during the gelation process, the turbidity of the gel increases with the apparition of a three-dimensional network of agarose fibers. 24 Considering the temperature of the sol-to-gel transition ( 17 C) and the fact that agarose gelation increases the microdroplets' opacity, we considered that agarose microdroplets were successfully cooled, and agarose microbeads were formed.
C. DNA amplification and monitoring on-chip
To confirm the reliability of our system, we used an EXPAR-like isothermal DNA amplification reaction. 25 A "template" strand enables the autocatalytic amplification of the target strand a (Figure 6(a) ). As a hybridizes to the template in 3 0 position, it is elongated by a DNA polymerase. The elongated strand is then cut in its middle by a nicking endonuclease, releasing two a strands.
We monitor the reaction with N-quenching, a versatile fluorescent technique to observe the hybridization of DNA strands:
26 the 3 0 end of the template is labeled with a single fluorophore (TAMRA), whose fluorescence intensity increases as a hybridizes to the template as shown in Figure 6 (a). FIG. 3 . Device set-up for microbead generation. The "push-pull" method allows the generation of a stable microemulsion. The temperature is measured with A K-type thermocouple, introduced and sealed in the incubation chamber. Heating is done with a thermoplate. Two copper wires introduced in 1 mL tubes filled with ice are used as a heat sink.
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Desbois et al. Biomicrofluidics 6, 044101 (2012) Such autocatalytic amplification reaction may start at a lower temperature than it is designed for. In order to efficiently block the reaction at 25 C (i.e., the temperature of droplet generation), we introduced an "inhibitor" DNA strand. 27 The inhibitor is longer than the target a, hence more stable on the template. Also, the 3 0 end of the inhibitor is mismatched, which prevents the polymerase from elongating it (Figure 6(b) ). As the temperature is raised to 43 C, the inhibitor is released, a triggers the reaction and is exponentially amplified (Figure 6(c) ).
We first checked that the agarose gel was not hindering the reaction: DNA amplification performed the same in the presence or absence of gelified agarose (see supplemental material, Fig. S3) , 28 suggesting that it should be possible to do the reaction in agarose microbeads. A solution premix containing DNA amplification reagents and 1.5% agarose is prepared at room temperature. Half of the premix is run in a thermocycler as control, and the other part is introduced in the device for microdroplet generation. The premix deposited in the device inlet is segmented into 55 lm microdroplets. When the incubation chamber is filled with microdroplets, the cooling stage is started, as previously described. Once agarose microbeads are formed, we increased the temperature to 43 C in order to start the reaction.
This reaction can be monitored by an increase in fluorescence, associated with the amplification of DNA (Figure 7) .
In both cases (on-chip and control), the reaction starts after 20 to 30 min of incubation: The fluorescence increases exponentially and saturates after about 60 min. This increase in fluorescence is caused by a strands hybridizing next to the TAMRA fluorophore, and thus represents the amplification of strand a in both microbeads and bulk reaction.
IV. CONCLUSIONS
Agarose microbeads offer a powerful tool for biochemical applications. Previously reported agarose microdroplet generation has been performed by pushing relatively large amount of reagents into the device. Here, for the first time, we have generated agarose microdroplets by using a "push-pull" system. Because the agarose sample is aspirated in the inlet, a few microliters of sample are enough to generate microdroplets. Moreover, the monodisperse agarose microdroplets can be cooled on-chip into agarose microbeads. This design requires no valves and allows (i) biochemical reactions to be performed in microdroplets before or after the gelation process, (ii) on-chip monitoring, and (iii) stabilization of individual droplets into microbeads for facilitated downstream collection and analysis.
As low volumes of sample are required, a potential application of this system could be, by encapsulating single cells, to analyze and sequence the transcriptome.
